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Magnetic skyrmions in thin films with perpendicular magnetic anisotropy (PMA) are promising candidates for magnetic
memory and logic devices, making the development of ways to transport skyrmions efficiently in a desired trajectory
of significant interest. Here, we investigate the transport of skyrmions by surface acoustic waves (SAWs) via several
modalities using micromagnetic simulations. We show skyrmion pinning sites created by standing SAWs at anti-nodes
and skyrmion Hall-like motion without pinning driven by travelling SAWs. We also show how orthogonal SAWs
formed by combining a longitudinal travelling SAW and a transverse standing SAW can be used for the 2D positioning
of skyrmions. Our results also suggest SAWs offer a viable approach to the transport of multiple skyrmions along a

multichannel racetrack.

Magnetic skyrmions, which are topologically protected
particle-like magnetic structures, show significant potential in
applications including data storage and processing devices!?.
Skyrmions in thin films can be manipulated by spin-polarised
current via spin-transfer torque or spin-orbit torque owing
to the large spin-orbit coupling in adjacent heavy metals®~”.
However, these methods require a high current density, which
can cause Joule heating thereby wasting energy and affect-
ing the stability of skyrmions. In addition, skyrmions typi-
cally show both longitudinal and transverse motion owing to
the skyrmion Hall effect, which can cause the annihilation of
skyrmions at device edges, thus complicating device realisa-
tions!7:8,

Typically, the stability of skyrmions in thin films is a result
of the balance between the perpendicular magnetic anisotropy
(PMA) and the interfacial Dzyaloshinskii-Moriya interaction
(DMI) induced by the broken interfacial inversion symme-
try?~12. To avoid Joule heating, one can modify the anisotropy
of thin films using strain to control magnetisation'>-1¢. For in-
stance, Wang et al. created skyrmions in Pt/Co/Ta multilayer
nano-dot systems using an electrical field-induced strain'”,
while Ba et al. demonstrated the creation, reversible deforma-
tion, and annihilation of skyrmions in a Pt/Co/Ta multilayer
thin film using strain by applying an electric field to a PMN-
PT (lead magnesium niobate-lead titanate) substrate!S.

The dynamic strain induced by surface acoustic waves
(SAWs) has also been suggested as an attractive approach to
control thin film magnetisation'®-3!. In particular, Yokouchi
et al. experimentally observed the creation of skyrmions by
SAWs in a Pt/Co/Ir thin film owing to the inhomogeneous
effective torque arising from both SAWs and thermal fluctu-
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ations via magnetoelastic coupling®?. Nepal et al. theoreti-
cally studied the dynamical pinning of skyrmion bubbles at
the anti-nodes of standing SAWs in a FePt nano-wire, reveal-
ing the strain gradient induced by SAWs is the driving force
for skyrmion motion*3. Chen et al. demonstrate both exper-
imentally and micromagnetically that the longitudinal leaky
SAW provide both a strain and a thermal effect that can be
used to create skyrmions®*. An electrical current (with the
direction perpendicular to the propagation direction of the
SAWs) together with the standing SAWs was then applied
to move the skyrmions. In the presence of the SAWs, the
transverse motion of the skyrmion was suppressed and the
skyrmion showed motion in a straight line. Skyrmion motion
driven by SAWs has also been experimentally demonstrated
by Yang et al. . This study paves the way for the exper-
imental feasibility of neuromorphic computing using SAW-
controlled synapse devices based on skyrmions, for instance,
as highlighted in Chen et al. study>®. Another group presents
the skyrmion moved in a straight line theoretically with an an-
alytical model and micromagnetic simulations”. The electri-
cal current provides driving force for skyrmion motion in both
horizontal and transverse directions. The standing SAWSs, on
the other hand, create pinning channels suppressing the trans-
verse motion of the skyrmion. SAW control of magnetism
has a number of potential advantages. SAWSs can be gener-
ated by voltage instead of current making it attractive from the
energy-efficiency perspective, while them can propagate over
distances of several millimetres with very little power loss,
and can also allows one pair of electrodes to control multiple
devices. In addition, pinning sites can be created by electrodes
remotely, which potentially allows one to control skyrmions
without complex design.

Despite the advantages of SAW-driven skyrmion motion,
there are still knowledge gaps in current research that need
to be addressed. For example, the potential for suppress-
ing SAW-induced skyrmion Hall-like motion using orthogo-
nal SAWs — formed by combinations of travelling and stand-
ing waves — has not yet been demonstrated, nor have the
dynamics of skyrmions in such SAW configurations been
investigated. In this work, we demonstrate the transport



of skyrmions by several different modalities of SAWs us-
ing micromagnetic simulations, and propose a multi-channel
skyrmion racetrack that can transport multiple skyrmions in
parallel. We first of all show that standing SAWs are able to
introduce skyrmion motion from a node to the nearest anti-
node, where the skyrmion is pinned as reported in’3. We
then demonstrate travelling SAW-induced skyrmion continu-
ous motion with Hall-like motion. To confine the skyrmion
motion in a straight line, the orthogonal SAWs, which are
created by travelling SAWs propagating in one direction and
standing SAWs in the transverse direction, are then applied.

Fig. la shows the schematic diagram of the proposed de-
vice. A Co/Pt PMA thin film (with dimensions 1024 x 256 x 1
nm?) is coupled to a 128° Y-cut lithium niobate substrate and
surrounded by two pairs of interdigitated transducers (IDT,
labelled as IDT1 to IDT4). We consider scenarios where the
size of the skyrmions is significantly smaller than the width
of the thin film. Therefore, periodic boundary conditions are
employed along the y axis. The edge effects on skyrmion mo-
tion are thus neglected. As shown in Fig. 1a and b, the origin
of the thin film geometry is located at its centre, with x and
y correspond to the longitudinal and transverse directions in
the thin film, respectively. The electrode spacing of the first
(IDT1 and IDT2) and second (IDT3 and IDT4) pair of IDTs
was 128 nm and 16 nm, respectively, producing SAWs with
wavelength A; (see Fig. 1c) and A; (see Fig. 1d) of 512 nm and
64 nm, respectively. SAWs with different propagation modes
can be achieved by applying rf signals to one or more IDTs:
travelling SAWs propagating in x direction can be generated
by applying rf signals to IDT1; standing SAWSs in the x direc-
tion can be formed by applying 1f signals to IDT1 and IDT2
simultaneously; while orthogonal SAWs consisting of hori-
zontal travelling SAWs and transverse standing SAWs, can be
formed by applying rf signals to IDT1, IDT3 and IDT4 at the
same time. Néel skyrmions were initialised and relaxed at dif-
ferent positions within the perpendicular magnetised thin film
in order to study the SAW effect on their motion (Fig. 1b).
The strain amplitude of standing SAWs and travelling SAWs
was 0.003. To generate orthogonal SAWSs, amplitudes of the
longitudinal travelling SAWs and transverse standing SAWs
were 0.003 and 0.007, respectively. Fig. 1c and d show the
spatial strain profile of travelling SAWs, standing SAWs and
orthogonal SAW at 0 ps, respectively.

Micromagnetic simulations were performed using Mu-
max338-40_ based on the Landau-Lifshitz-Gilbert (LLG) equa-
tion

C%“:—nyHefer%Mx%, (1)
where M is the magnetisation vector, M is the saturation mag-
netisation, ¢ is the time, Y is the gyromagnetic ratio, He¢s is the
effective magnetic field acting on the magnetisation, and o
is the Gilbert damping constant. The magneto-elastic energy
density, Epe, can be expressed as

Eme=B1 Y, miei+B, Y mmje 2)
i=x,y,2 i#j

where By and B, are the magneto-elastic coefficients, and &;
is the strain tensor. The effective field can be described as

the first derivative of the free energy with respect to magneti-
sation. The effective field introduced by the magnetoelastic
interaction can thus be expressed as
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where Hl(rllze is the component of the effective field along the
axis labeled by i. The material parameters were set cor-
responding to a Co/Pt thin film as follows**?: saturation
magnetisation My = 5.8 X 10°0A /m, exchange constant Agx =
1.5 x 107" J/m, Gilbert damping coefficient « is 0.1, per-
pendicular magnetic anisotropy K, is 8.0 x 10°J/ m?, an inter-
facial DMI strength of 3.0 x 1073 J/m?, and magneto-elastic
coupling By of 2.0 x 107J/m3.

We note the film has been set to be acoustically thin - that
is sufficiently thin and rigid compare to the SAW wavelength
that only the in-plane strain component (€;;, i = x,y) needs to
be taken into consideration29323343 Thus, B, in Equation 2
and 3 was set to 0. The in-plane strain of standing SAWs
along x-axis (for standing SAW case) and y-axis (for orthogo-
nal SAW case), sfx and e)sy, were implemented as
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respectively, where kf, kyS and a)f, a)ys are the wavenumber
and angular frequency of the standing SAW in x and y direc-
tions, respectively, AS. and A)S,y are the corresponding ampli-
tudes of the strain, and ¢ is time.

The in-plane strain of the travelling SAW along the x direc-

tion, €T, was implemented as

s Edes
el = Al sin(ot —klx), (6)

where kI, @!, and AT are the wavenumber, angular fre-
quency, and amplitude of the travelling SAW, respectively,
and ¢ is time. The velocity of SAWs propagating in lithium
niobate is 4000 m/s*.

The dynamics of rigid magnetic textures subject to an ex-
ternal driving force can be described by the Thiele equation.
SAW-driven skyrmion motion at position R(X,Y) can be ex-
pressed as:

Gxv—oD-v+F(R) =0, ()

where G = (0,0, —4nQ) is the gyromagnetic coupling vector
with topological charge Q = - [m- (%—';‘ X %—‘;‘)dxdy, v=R
is the velocity of the skyrmion, D is a dissipative tensor in
the form of (% 9) for an isolated skyrmion with D = [ 91 .
%—‘;}dxdy, and F(R) is the effective force per unit thickness
due to the strain induced by SAWs. The effective force F(R)

generated by the strain g; (i = x,y) of the SAWs at the given
time 7 can be expressed as>*33:

1
F(R,t) = ﬁCﬁV&i(l‘»l‘)\r:R(m 3)
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FIG. 1. (a) Diagram of the proposed device (not to scale). A skyrmion is initialised in a Co/Pt PMA thin film grown onto a lithium niobate
substrate. The thin film is surrounded by two pairs of interdigitated transducers (IDTs, labelled as IDT1 to IDT4), which can be used to
generate SAWs in different modalities. (b) An example of the initial magnetisation. A Néel skyrmion is initialised and relaxed in thin film with
computational dimensions of 1024 x 256 x 1 nm>. (c) Strain spatial profile of travelling SAWs and standing SAWs at 0 us. Wavelength and
strain amplitude of SAWs are 512 nm and 0.003, respectively. (d) Spatial strain profile of orthogonal SAWs (longitudinal travelling SAWs and
transverse standing SAWs) at O ps. Wavelengths and strain amplitudes of standing SAWs and travelling SAWs, which together form orthogonal
SAWs, are 512 nm and 0.003, and 64 nm and 0.007, respectively. The maximum strain is 0.01. The color code for the in-plane magnetisation
component is shown by a color wheel. The Cartesian coordinates define the spatial orientation of the thin film.
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FIG. 2. Translation of skyrmion (sk) in x (a) and y (b) directions driven by standing SAWs. Numbers in the legend indicate initial x positions
of skyrmions. (c) Spatial strain profile of standing SAWs at 0 us. Examples of the skyrmion initial and final positions driven by standing
SAWSs: skyrmion initialised at -10 nm (d) and 10 nm (e) along x direction. The shaded areas in (d) and (e) indicate the initial and final position
of the skyrmions at O us and 8 ps, respectively. The dashed line is the trajectory of the skyrmions with periodic boundary conditions. N and
AN demote the node and anti-node, respectively. The color code for the in-plane magnetisation component is shown by a color wheel. The
Cartesian coordinates define the spatial orientation of the thin film.

where Cj; is a shape factor due to strain and their values de- in the direction of the applied SAWs (Fs for standing SAWs or
pend upon the shape and size of the bubble?>33, and r is the Fr for travelling SAWs), Magnus force Fy; perpendicular to
centre of the skyrmion at the give time #. The skyrmion veloc- the direction of skyrmion velocity, and dissipative force Fps
ity is proportional to the strain gradient. The SAW-induced  due to damping.

force acting upon the skyrmion is only in the direction of
the applied SAWs, whereas the force exerted by the SAWs
in the direction perpendicular to their application is zero, as
there is no strain gradient present in that direction. The first
term in Equation 7 represents the Magnus force and moves
the skyrmion in transverse direction. The Magnus force thus
is normal to the direction of the skyrmion velocity. The sec-
ond term in Equation 7 is the dissipative force due to damp-
ing. There are therefore in total three forces acting upon a
skyrmion when driven by one set of SAWs (standing or trav-
elling SAW5s) alone, i.e., the driving force provided by SAWs

We first study the skyrmion motion driven by standing
SAWs alone, and in particular the effect of nodes and anti-
nodes of standing SAWs on skyrmion motion. The standing
SAWs were applied along the x direction using Equation 4.
The dynamic strain waves form a strain gradient, which pe-
riodically changes between nodes and anti-nodes, providing a
driving force for skyrmion motion in the x direction. However,
this strain gradient V&, vanishes at the anti-nodes of standing
SAWSs. The induced strain gradient pushes the skyrmion mov-
ing towards the anti-nodes, with pinning therefore occurring at
the anti-nodes. The wavelength of the standing SAWs in this
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FIG. 3. (a) Translation of skyrmion (sk) in the x direction driven by
travelling SAWs. Numbers in the legend indicate the initial positions
of skyrmions along the track. The insert graph shows the skyrmion
motion in the y direction during the first 0.5 ps. (b) Snapshots of
skyrmion motion from O to 6.0 us. The shaded areas indicate the
skyrmion positions at the corresponding time labelled on the shaded
area from 0 to 6 s, respectively. The dashed line is the trajectory
of the skyrmions with periodic boundary conditions. The color code
for the in-plane magnetisation component is shown by a color wheel.
The Cartesian coordinates define the spatial orientation of the thin
film.

case is 512 nm, meaning the nodes are located at X = -256,
0, and 256 nm, and the anti-nodes are located at X = —128
and 128 nm. The amplitude of the SAWs is 0.003. Skyrmions
were initialised at a few different positions along the x-axis,
with some near the nodes (X = —246, —10, 10, and 246 nm),
and some at the anti-nodes X = —128 and 128 nm. It is shown
in Fig. 2a and b that the skyrmions located at the anti-node
are pinned at the position without any motion either x or y
directions due to the absence of the strain gradient at the anti-
nodes. On the other hand, when the skyrmions are initialised
at the nodes, they move towards the closest anti-nodes where
they are pinned afterwards (see Fig. 2a). For instance, the
skyrmions located at X = —10 and 10 nm move towards X =
—128 and 128 nm, respectively. Meanwhile, these skyrmions
also show transverse motion due to the Magnus force as ex-
pected. Fig. 2 d and e show examples of skyrmion motion
from initial positions (10 nm and -10 nm) to final positions at
8 us. The skyrmion velocity is proportional to the strain gradi-
ent, which decreases from the maximum value at the node to
zero at the anti-node. The skyrmion velocity is thus not con-
stant, and decreases when the skyrmion is getting closer to the
anti3—3node. These results are in good agreement with Nepal et
al. >,

Secondly, we study the skyrmion motion driven by travel-
ling SAWs. In the presence of the travelling SAWs, unlike
the standing SAWSs, the nodes and anti-nodes of the travel-
ling SAWs are not stationary in space. The nodes and anti-
nodes of the travelling SAWs propagate along the applied di-
rection as does the strain gradient (VE,,). This means that
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FIG. 4. (a) Translation of skyrmion (sk) in x and y directions driven
by orthogonal SAWSs. The insert graph shows the skyrmion motion in
the y direction during the first 0.1 ps. (b) Left-hand side of the graph
shows the spatial stain profile of orthogonal SAWs at 0 ps. Right-
hand side of the graph shows the snapshots of the skyrmion motion
from O to 1.0 ps. The shaded areas indicate the skyrmion positions at
the corresponding time labelled on the shaded area from O to 1 ps, re-
spectively. The arrows indicate the direction of the skyrmion motion,
which is in line with the anti-node of standing SAWs in orthogonal
SAWSs. The color code for the in-plane magnetisation component is
shown by a color wheel. The Cartesian coordinates define the spatial
orientation of the thin film.

the skyrmions experience a strain gradient along the SAW di-
rections at any given location. Therefore, it is expected for
skyrmions to move continuously without pinning. To com-
pare the difference of the travelling SAW- and standing SAW-
driven skyrmion, we set the wavelength and amplitude of the
travelling SAW as 512 nm and 0.003, respectively, which
are the same values as those of the standing SAW discussed
above. Fig. 3a shows the translation of skyrmions in the x
direction driven by travelling SAWs. Unlike the skyrmion
motion driven by standing SAWs, regardless of initial posi-
tions (X = 10, 128, and 246 nm), the skyrmions move contin-
uously in the x direction at a constant speed v, of 2.40 cm/s
without any pinning with the application of travelling SAWs
(Fig. 3a). This is because skyrmions experience nodes and
anti-nodes at all positions with the application of travelling
SAWSs, which provide a dynamic but continuous strain gradi-
ent (driving force). Skyrmions also exhibit Hall-like motion
in the y direction due to the Magnus force (see the insert graph
in Fig. 3a). The skyrmion speed in the y direction vy is 15.10
cm/s. Fig. 3b shows an example of skyrmion position changes
with time driven by travelling SAWs.

As discussed above, the skyrmion transverse motion is in-
duced by the the Magnus force. To move skyrmion continu-
ously in a straight line, it is necessary to suppress this Magnus
force. We propose moving the skyrmion in the x direction
using orthogonal SAWs formed by travelling SAWs propa-
gating in the x direction and standing SAWSs applied along
the y direction. With this configuration, we expect to move
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FIG. 5. (a) Schematics of the different forces acting on the skyrmion. Skyrmion (sk) trajectory (b) and velocity (c) for a fixed amplitude of the
standing SAW and different amplitudes of the traveling SAW. Skyrmion trajectory (b) and velocity (c) for a fixed amplitude of the traveling

SAW and different amplitudes of the standing SAW.

skyrmions continuously in the x direction with the continu-
ous driving force provided by travelling SAWs and to confine
the motion in y direction by the pinning “channels” using the
anti-nodes of the standing SAWSs along the y direction. In this
simulation, the wavelengths and strain amplitudes of travel-
ling SAWs and standing SAWs were 512 nm and 0.003, and
64 nm and 0.007, respectively (see Fig. 1d). Fig. 4a shows the
translation of a skyrmion. The skyrmion moves continuously
in the x direction with a very limited motion of ~1 nm in the
y direction at the beginning (see insert graph in Fig. 4a), when
the skyrmion tries to move from its initial position towards
the pinning channel that standing SAWs create. Note that
the skyrmion velocity significantly increases to 38.64 cm/s
compared to that of travelling SAW-induced skyrmion motion
(2.40 cm/s). This is because the another Magnus force along
the x-axis is formed when the transverse standing SAWs are
applied to the skyrmion (Fs_mag in Fig. 5a). This additional
Magnus force contributes to the skyrmion motion in the x-
axis, enhancing the skyrmion velocity.

To understand how the amplitude of standing and travelling
SAWSs that make up the orthogonal SAWs affect the skyrmion
velocity, we simulated the skyrmion motion driven by orthog-
onal SAWs with different configurations. We fixed the stand-
ing SAW amplitude at 0.007 and varied the travelling SAW
amplitude from 0.001 to 0.06. The skyrmion shows hori-
zontal motion without transverse motion when the travelling
SAW amplitude is less than 0.004. The skyrmion velocity in-
creases as the travelling SAW amplitude increases from 0.001
to 0.004 (as shown in Fig. 5c). We also fixed the travelling
SAW amplitude at 0.003 and changed the standing SAW am-
plitude from 0.003 to 0.010. The skyrmion transverse motion
can be sufficiently suppressed if the standing SAW amplitude

is higher than 0.005. In other words, the strain amplitude of
the standing SAWs needs to be higher than that of the travel-
ling SAWs to provide enough pinning energy to confine the
skyrmion motion in the x direction. The skyrmion velocity
gradually decreases with increasing standing SAW amplitude.

Finally, we propose a multi-channel skyrmion racetrack ob-
tained using orthogonal SAWs. In this simulation, we use
the same orthogonal SAW property as above (i.e. the wave-
lengths and strain amplitudes of standing SAWs and travel-
ling SAWs, which together form orthogonal SAWs, are 512
nm and 0.003, and 64 nm and 0.007, respectively) but with a
larger space comprising 2048 x 1024 x 1 nm>. We initialised
four skyrmions (Sk1 to Sk4 in Fig. 6) with random y coordi-
nates but with the same x coordinates. As shown in Fig. 6,
skyrmions are transported different distances during the first
0.3 ps. This is owing to the fact that standing SAWs push
skyrmions towards their nearest anti-nodes. This means that
standing SAWs provide a driving force with the same/opposite
direction as/to travelling SAWs depending their positions rel-
ative to the anti-nodes (see Fig. 2a). From 0.3 to 2.1 ps, the
velocity of all skyrmions remains the same. This is because
the driving force is the same for all skyrmions once they arrive
the pinning channel. With this design, one can create multiple
channels to transport skyrmions without them interacting with
each other, thereby increasing the amount of data that can be
transported. The width and density of the channel can be de-
termined by the wavelength of standing SAWs component of
the orthogonal SAW.

It is important to note that the simulations in this study were
conducted under ideal conditions to isolate and examine the
effects of SAWs on skyrmion motion. This approach avoids
the complexities introduced by defects, temperature varia-



FIG. 6. Left-hand side of the graph: skyrmion (sk) motion in the multichannel racetrack driven by orthogonal SAWs. Four skyrmions (labelled
as Skl to Sk4) were initialised randomly along y direction but the same x position. Numbers on the top of the graph indicate the time duration
(unit in ps). Arrows indicate the skyrmion motion direction, which are in line with the anti-nodes of standing SAWs. Right-hand side of the
graph: spatial strain profile at O ps. Wavelengths and strain amplitudes of standing SAWs and travelling SAWs, which together form orthogonal
SAWs, are 512 nm and 0.003, and 64 nm and 0.007, respectively. The maximum strain is 0.01. The color code for the in-plane magnetisation
component is shown by a color wheel. The Cartesian coordinates define the spatial orientation of the thin film.

tions, and other external factors. However, for practical device
implementation, these factors must be considered. Theoreti-
cally, SAWs can drive skyrmion motion without introducing
Joule heating, thereby offering a method that is attractive from
an energy efficiency standpoint. However, in practical appli-
cations, heating effects are still observed when rf power is ap-
plied to interdigitated transducers®’. A notable limitation of
SAW-driven skyrmion motion is that the velocities achieved
have not yet to match those in high current-driven skyrmion
systems. Therefore, a direct comparison of the efficiencies
of current-driven and SAW-driven skyrmion motion remains
challenging. Nevertheless, a significant advantage of SAW is
its capability to propagate over centimeter scales with min-
imal amplitude decay. This feature enables a single pair of
transducers to simultaneously control thousands of nanostruc-
tures, which can significantly reduce the power consumption
per nanostructure.

To conclude, we have demonstrated the skyrmion mo-
tion by SAWs with different modalities. Skyrmions were
moved by standing SAWs and travelling SAWSs in both lon-
gitudinal and transverse directions owing to the strain gradi-
ent that SAW introduced. Standing SAWSs created pinning
sites at their anti-nodes. In contrast, travelling SAWs pro-
vided a constant driving force to move skyrmions continu-
ously. By combining longitudinal travelling SAWs and trans-
verse standing SAWs, we have demonstrated the transport of
skyrmions in the longitudinal direction without transverse mo-
tion by orthogonal SAWs. Our study suggests the possibil-
ity of multi-channel skyrmion racetrack memory/logic devices
using SAWs.
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